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Epidemiological studies show that omega-3 fatty acid con-
sumption is associated with improved conditions in neurode-
generative diseases such as multiple sclerosis (MS). However,
the mechanism of this association is not well understood.
Emerging evidence suggests that parent molecules such as
docosahexaenoic acid are converted into downstream metab-
olites that are capable of directly modulating immune re-
sponses. In vitro, we found that docosahexaenoyl ethanolamide
(DHEA), another dietary component and its epoxide metabo-
lite, reduced the polarization of naïve T-cells toward proin-
flammatory Th1 and Th17 phenotypes. Furthermore, we
identified that DHEA and related endocannabinoids are
changing during the disease progression in mice undergoing
relapse-remitting experimental autoimmune encephalomyelitis
(RR-EAE). In addition, daily administration of DHEA to mice
delayed the onset of disease, the rate of relapse, and the severity
of clinical scores at relapse in RR-EAE, an animal model of MS.
Collectively, these data indicate that DHEA and their down-
stream metabolites reduce the disease severity in the RR-EAE
model of MS and can be potential dietary adjuvants to exist-
ing MS therapeutics.

Lipid mediators contribute to inflammation resolution
following an inflammatory challenge (1, 2). There has been
growing interest in unveiling the mechanisms by which
nutritional status influences the immune response, especially
related to the consumption of omega-3 fatty acids. Epidemi-
ological studies correlated dietary intake of omega-3 fatty acids
such as docosahexaenoic acid (DHA) with improved disease
outcomes, including asthma, diabetes, and neurodegenerative
diseases such as multiple sclerosis (MS) (3, 4). Consequently,
there is strong interest in unveiling the changes in the DHA
metabolome in the body following an enzymatic trans-
formation of DHA into bioactive DHA derivatives. Previously,
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it was shown that DHA is converted into docosahexaenoyl
ethanolamide (DHEA). DHEA, an analog of omega-6-derived
endocannabinoid (eCB) anandamide (AEA) (5–9), is also
known as synaptamide, which plays an important role in
promoting synaptogenesis and is found endogenously in the
brain and retina (9–13). Previous studies have demonstrated
the ability of DHEA to attenuate lipopolysaccharide-induced
activation of microglia (14, 15). Notably, a study focusing on
bacterial and viral meningitis demonstrated that DHEA was
reduced in the cerebrospinal fluid samples obtained from pa-
tients with neuroinflammation (16). Within the central ner-
vous system (CNS), DHEA prevented neuropathic pain after
spinal cord injury by suppressing spinal microgliosis (17).
DHEA also influenced inflammatory markers and attenuated
macrophage activation in adipocytes (18–20), indicating its
potential influence on the peripheral immune system.

DHEA is a polyunsaturated lipid that can be metabolized by
eicosanoid-synthesizing enzymes such as the cyclooxygenase,
lipoxygenase, or cytochrome P450 epoxygenase enzymes to
form oxidized metabolites. It was previously reported that
DHEA is converted by lipoxygenase to form 10,17-
dihydroxydocosahexaenoyl ethanolamide and 15-hydroxy-
16(17)-epoxy-docosapentaenoyl ethanolamide that reduced
the migration of polymorphonuclear leukocyte chemotaxis
(21). In 2017, we demonstrated that cytochrome P450 enzymes
can convert DHEA into DHEA-epoxides (epoxydocosahex-
aenoyl-ethanolamide [EDP-EA]) (22). One of the regioisomers,
19,20-EDP-EA, significantly reduced proinflammatory
markers interleukin 6 (IL-6) and nitric oxide production, while
promoting anti-inflammatory marker IL-10 in microglia (22).
Overall, DHEA is further metabolized to downstream oxidized
metabolites that are immunomodulatory and may be beneficial
as a potential nutrition-based intervention in diseases with
aberrant inflammatory responses such as MS.

MS is a chronic inflammatory, demyelinating, and debili-
tating disease of the CNS in which 85% of patients manifested
a relapsing-remitting MS form where they experience episodic
neurological dysfunction (relapses) followed by periods of
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partial recovery (remission) (23, 24). While the natural history
of MS is heterogeneous across patients (25–27), disease onset
and exacerbation likely stems from an aberrant inflammatory
response brought on by autoreactive T- and B-cells in the CNS
parenchyma (28–30). In addition, several studies suggest that
the inflammatory response and the subsequent axonal damage
is exacerbated by responses including the production of
proinflammatory molecules by activated microglia and infil-
trating macrophages (31–33). Epidemiological studies suggest
that omega-3-rich diets are associated with lower rates of MS
(34) and possess beneficial anti-inflammatory (3, 35, 36) and
neurological (37–39) health properties. A double-blind
controlled trial in patients with relapse-remitting MS indi-
cated a trend favoring those consuming an omega-3 supple-
mentation over placebo pills (40). Another study showed that
individuals consuming high omega-3 fatty acids through their
diet reduced the risk of experiencing a clinical isolated syn-
drome (41). While there exists a correlation of improved
quality of life in MS patients from increased omega-3 fatty acid
intake, the precise mechanism is not well understood. Sepa-
rately, studies utilizing phytocannabinoids Δ9-tetrahydrocan-
nabinol have been shown to reduce disease severity in
experimental autoimmune encephalomyelitis (EAE) and
Theiler’s murine encephalomyelitis virus models of MS
(42–46). Furthermore, cannabinoid treatment of MS patients
decreased spasticity (47, 48), muscle stiffness (47, 49), and
neuropathic pain (49). eCBs are derived from fatty acids and
previous studies that showed that omega-6 eCBs such as AEA
and 2-arachidonoylglycerol (2-AG) decrease inflammation
through their interactions with cannabinoid receptors (50). As
eCBs and cannabinoids interact with the same receptors (51),
it is possible that DHEA and DHEA-epoxides that are DHA-
based eCBs will be efficacious in ameliorating aberrant in-
flammatory diseases such as MS.

The goal of the current study is to show that DHEA reduces
inflammatory responses while simultaneously inhibiting re-
lapses and disease severity in a preclinical animal model of MS.
The rationale of this study is based on the following obser-
vations: (A) eCBs modulate neuroinflammatory responses in
MS, (B) phytocannabinoids from Cannabis Sativa and
cannabinoid receptors play important role in MS, and (C)
there is correlation of omega-3 fatty acid consumption with
better quality of life in patients with MS. Overall, this dem-
onstrates that DHEA, a dietary component also found
endogenously in the human body, is dysregulated in EAE and
influences the disease progression of relapse-remitting EAE
(RR-EAE) animal model of MS. The fundamental under-
standing about eCB interactions with T-cells will help in the
design of natural therapeutics in autoimmune diseases and will
provide insight into understanding the mechanisms behind
omega-3 consumption and conferred health benefits.
Results

eCBs inhibit T-cell polarization

Helper T-cells play an important role in MS pathogenesis
and are essential for induction of EAE (52). Therefore, we
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measured the capacity of DHEA or DHEA-epoxide (eCB) and/
or DHA-epoxide (non-eCB) to inhibit T-cell responses in vitro
(Fig. 1A). Splenocytes were isolated from 2D2 mice, a T-cell
receptor (TCR) transgenic mouse line in which 90% of helper
T-cells bear a receptor specific for the myelin peptide antigen
myelin oligodendrocyte glycoprotein (MOG)35–55,
preincubated with DHEA or DHEA-epoxide, and stimulated
with antigen (Fig. 1B). Antigenic stimulation of 2D2 T-cells in
this fashion promotes interferon gamma (IFNγ) production
(53). Treatment with DHA-epoxide (19,20-) did not inhibit
IFNγ production from antigen-stimulated cultures. However,
both DHEA and DHEA-epoxide (19,20-) significantly reduced
IFNγ production at high dose. Importantly, 10 μM DHEA-
epoxide completely inhibited IFNγ production without
inducing cell death as measured by lactate dehydrogenase
production (Fig. 1B). It was previously shown that O-1966, a
selective CB2R agonist, can suppress T-cell proliferation and
proinflammatory cytokine production (54) after stimulation
with CD3 and CD28 crosslinking antibodies. To determine if
DHEA can influence the polarization of naïve T-cells into
proinflammatory Th1 or Th17 subsets, purified naïve T-cells
were cultured under Th1 or Th17 polarizing conditions in the
presence of DHEA or DHEA-epoxide (19,20-) (10 μM). After
48 h, the percentage of IFNγ- and IL17A-producing cells was
determined by flow cytometry. Both DHEA and DHEA-
epoxide treatment during the polarization phase reduced the
percentage of Th1 and Th17 cells without altering viability
(Fig. 1, C–E). Importantly, DHEA-epoxide treatment was more
efficient at reducing Th17 polarization (Fig. 1E).
Central and peripheral levels of eCB levels in mice undergoing
RR-EAE

eCB-mediated suppression of T-cell responses in vitro in-
dicates that treatment may prove efficacious in the suppres-
sion of inflammatory diseases. AEA and 2-AG have been
shown to change during neuroinflammation (55) and in a
progressive model of EAE. We measured the levels of AEA, 2-
AG, and DHEA eCBs at each stage of disease progression in
RR-EAE. Throughout the course of the experiment, the
associated weight change and clinical disability score of SJL/
JC mice (N = 24, n = 6 per group) with EAE were measured
(Fig. 2, A and B). Mice were sacrificed on day of immuniza-
tion (day 0 p.i.), peak (day 14 p.i.), remission (day 19 p.i.), and
at relapse (day 34 p.i.) time points of disease (Fig. 2B). Tar-
geted LC–MS/MS analysis was used to analyze the levels of
DHEA, AEA, and 2-AG to identify whether their levels
change during disease progression. We report the levels of
these three eCBs in the CNS (brain and spinal cord) and in
the periphery (spleen).

In the spinal cord, DHEA was reduced at both peak and
relapse time points compared with the baseline levels in RR-
EAE mice. In addition, levels of omega-6-derived ethanola-
mide derivative AEA were reduced throughout the progres-
sion of disease (peak, remission, or relapse) compared with
the baseline. In the brain, DHEA and AEA levels did not
change during RR-EAE (Fig. 2C). However, 2-AG increased at



Figure 1. Endocannabinoids (eCBs) influence T-cells. A, structures of non-eCB epoxydocosahexaenoic acid (19,20-DHA-epoxide) and eCBs docosahex-
aenoyl ethanolamide (DHEA) and epoxydocosahexaenoyl ethanolamide (19,20-DHEA-epoxide). B, eCBs DHEA and DHEA-epoxide, but not non-eCB DHA-
epoxide (19,20-), inhibits interferon gamma (IFNγ) production in TCRMOG splenocytes without toxicity as measured by lactate dehydrogenase (LDH). For IFNγ
measurements, there were n = 9 mice per treatment, obtained from three independent n = 3 mice per treatment experiments. The LDH assay is from n = 3
mice from one experiment. C, schematic of DHEA or DHEA-epoxide treatment on T-cell polarization to Th1 and Th17 and gating strategy. D, effects of eCB
treatment during naïve T-cell to Th1 or (E) Th17 polarization. One-way ANOVA and Tukey’s multiple comparisons test performed. MOG, myelin oligo-
dendrocyte glycoprotein; TCR, T-cell receptor.
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peak and relapse compared with baseline. During remission,
2-AG recovered to similar levels as the baseline. As eCBs
influenced T-cells isolated from the spleen of the periphery
(Fig. 1, B–E), we next investigated whether eCBs were
changing in the spleen in the RR-EAE studies. DHEA levels
were increased at remission and relapse compared with
baseline. Similarly, AEA levels increased at remission
compared with baseline and peak. While 2-AG levels
increased at peak, there was recovery at remission and relapse
(Fig. 2D). Interestingly, the changes in splenic levels of 2-AG
were comparable to the brain. Overall, during the progression
of the disease, the levels of the ethanolamine-modified fatty
acids DHEA and AEA change significantly in the spinal cord
and spleen but not in the brain.
DHEA treatment suppresses RR-EAE

To verify that 100 mg/kg/d DHEA maintains the baseline
immune profile and is not toxic, we administered vehicle (saline
containing 10% PEG 400 and 0.1% Tween-80) and DHEA daily
to SJL/J mice in a nondisease state (Fig. S5). There were no
differences of weight loss, behavioral, or clinical side effects in
the DHEA treatment group compared with the vehicle control
group. Since eCBs possess immunomodulatory properties, we
next questioned whether DHEA treatment in healthy mice
would alter the immune profile of the spleen. Treatment
neither altered the percentage of viable or CD4+ splenic cells in
this organ (Fig. S5). Finally, there were no differences in eCB
levels in the brain or spinal cord in a nondisease state (Fig. S5,
D and E), suggesting that DHEA treatment in RR-EAE mice
J. Biol. Chem. (2023) 299(2) 102886 3



Figure 2. Endocannabinoid (eCB) system is dysregulated in EAE. A, EAE disease progression shown as clinical score and weight change (%) on
immunized SJL/J mice (N = 40). Dysregulation of eCBs in the (B) spinal cord, (C), brain, or (D) spleen. eCBs docosahexaenoyl ethanolamide (DHEA),
anandamide (AEA), and 2-arachidonoyl glycerol (2-AG) were detected and expressed as picomole/gram tissue. Tissues were harvested and analyzed as
follows: baseline—day 0 p.i.; peak—day 14 p.i; remission—day 21 p.i.; relapse—day 35. n = 6 SJL/J mice per group were analyzed for statistical differences
via one-way ANOV, and Tukey’s multiple comparisons test was performed. EAE, experimental autoimmune encephalomyelitis.
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likely influences the peripheral immune cells involved in EAE
disease pathogenesis. Finally, fatty acid administration could
lead to liver toxicity, but there were no effects of liver toxicity
measured through serum analysis of liver metabolites (Fig. S6).

To determine if DHEA treatment could suppress EAE, we
induced RR-EAE in SJL/J mice and treated the mice with either
vehicle or a low dosage of DHEA (5 mg/kg/d). At this dose, we
did not observe an effect of treatment on disease progression
as determined by clinical score and weight change (Fig. S9 and
Table S1). Thus, we next investigated the effects of DHEA at a
higher and more relevant dosage of 100 mg/kg using the same
RR-EAE model.

In this single-blinded experiment, there were three treatment
groups (n = 12 per group) receiving vehicle (“vehicle”—black,
saline containing 10% PEG 400, 0.1% Tween-80 beginning day
0), DHEA from day of immunization (“DHEA”—blue, begin-
ning day 0), or DHEA after the peak disease (“DHEA post-
peak”—orange, beginning day 19). Analysis of clinical scores
indicated a delay of disease onset between the vehicle and
DHEA (from day of immunization, blue) groups (Fig. 3, A–C
andH). These data suggest that the DHEA treatment decreased
the severity of the disease as compared with the vehicle group.
Within the DHEA-treated group, there were responders and
nonresponders to DHEA. We observe comparable disease
progression of nonresponders to the vehicle control group,
albeit with a slight delay of time to relapse by 3 days (Fig. S8). In
the responders, we observed a delay in the time to disease onset
but a greater disease severity at peak. The responders also
exhibited a longer time to relapse from peak by approximately
18 days compared with 12 days in the vehicle group. To better
visualize our observations, we plotted the data as percent of
mice that were disease free (Fig. 3G). We observed that 40% of
the mice in the DHEA group (blue, beginning day 0) develop
disease at day 22 postimmunization compared with vehicle or
the group receiving DHEA treatment after peak disease (orange,
beginning day 19). Furthermore, these data revealed that the
DHEA treatment group had a delay in the time to relapse
compared with those in the vehicle control group (Fig. 3H).
There was also a delay in time to relapse when DHEA was
administered after the initial peak disease (postpeak; Fig. 2I).
While there was no effect of time to relapse in mice adminis-
tered DHEA from day of immunization, it is likely because
DHEA initially delayed the day of onset in EAE mice (Fig. 3I).
The summary of day of onset, maximum score, and cumulative
scores between all three treatment groups is provided in
Table S2.
Infiltrating CD4+ cells in the CNS in RR-EAE mice treated with
DHEA at 100 mg/kg body weight

Because CD4+ T-cells play an imperative role in the path-
ogenesis of EAE, we questioned whether treatment affected
their number or effector function within the CNS (Fig. 4). CD3
in the spinal cord was not detected. Therefore, cytokine pro-
ductions on CD45hi CD19− populations were examined. At
days 48 and 49 postimmunization, there was a lower per-
centage of IFNγ+IL17A− cells in the spinal cord from DHEA
treatment beginning postpeak (Fig. 4E). While there were
lower percentage and number of CD45hiCD19− cells from
treatment compared with vehicle, there was no effect.
Considering the clinical disability scores of mice are observable
after a change in immune response, it is likely that mice in the
vehicle and DHEA group were undergoing remission and mice
in the DHEA postpeak group were relapsing. Therefore, to get
a better sense of how treatment affected CNS-infiltrating im-
mune cells, we repeated the experiment and sacrificed mice
just as the control group was beginning to relapse. We
observed similar disease disability scores (Fig. 5A) and weight
change (%) (Fig. 5B) in mice treated with either vehicle or
DHEA (postpeak) as in our previous experiment (Fig. 3).
DHEA (postpeak) treatment decreased the percentage of
infiltrating IFNγ+IL17A+ cells in the brain (Fig. 5D). In the
spinal cord, DHEA (postpeak) treatment reduced the per-
centage of IFNγ+IL17A− producing cells (Fig. 5F).

Discussion

Omega-3 fatty acids are associated with anti-inflammatory
(3, 35, 36) and neurological (37–39) health properties. Here-
in, we demonstrated that DHEA, derived from DHA, in-
fluences the polarization of Th1 and Th17 cells in vitro. As
both Th1 and Th17 cells are suspected to have a pivotal role in
disease progression of autoimmune diseases such as MS, we
utilized RR-EAE to model the effects of DHEA on MS. We
found that eCBs are dysregulated in the CNS during various
disease stages, in a manner that was tissue dependent. Finally,
we show that systemic DHEA treatment increased the time to
relapse in RR-EAE mice, which was correlated to a reduction
in CNS infiltrating IFNγ-producing Th1 cells, suggesting a
promising natural diet–based therapeutic to help manage
symptoms in MS patients.

Previously, it was shown that DHA-treated dendritic cells
were poor stimulators of antigen-specific Th1 cell proliferation
and differentiation (56), a process that would result in reduced
IFNγ production by Th1 cells. Herein, we show that in isolated
splenocytes from TCRMOG mice, DHEA significantly reduced
levels of IFNγ production, and DHEA-eepoxide abolished
production of IFNγ. In contrast, DHA-epoxide did not
decrease the IFNγ production, likely because it lacks the
ethanolamide moiety and does not interact with cannabinoid
receptors (22). As Cnr2 has been shown to be expressed on
T-cells (46) and cannabinoids can modulate Tcell responses
(57), the ability of DHEA-derived molecules to act as canna-
binoid receptor agonists is likely important for their immu-
nomodulatory capacity. In addition to influencing TCRMOG

splenocyte response to its cognate self-antigen (MOG35–55),
we found that DHEA and DHEA-epoxide reduced T-cell po-
larization of both Th1 and Th17 cells. Finally, previous studies
demonstrated that DHA and DHEA increase levels of IL-10
(22, 58), which can have a suppressive function on T-cells
(58). While our study focuses on TCRMOG splenocytes or
isolated T-cells, it can be surmised that eCBs also influence
other immune cells in the body leading to a synergistic
immunomodulatory capacity. Indeed, we observed greater
suppression by DHEA and DHEA-epoxides when we used
J. Biol. Chem. (2023) 299(2) 102886 5



Figure 3. DHEA (100 mg/kg) treatment to EAE mice. SJL/J mice immunized with complete Freund’s adjuvant containing PLP131–159 (n = 12 per treatment
group). A, clinical disability scores, (B) weight change (%) of immunized mice treated with vehicle (black, saline containing 0.1% Tween-80, 10% PEG 400), or
DHEA beginning day of immunization (blue, 100 mg/kg body weight), and (C) percent relapse free. D, clinical disability scores, (E) weight change (%) and (F)
percent relapse free of vehicle, or DHEA administered postpeak beginning on day 19 (orange, 100 mg/kg body weight). G, percent disease free from day of
immunization, (H) average day of onset, and (I) time to relapse from day of peak disease for DHEA and DHEA postpeak compared with vehicle group.
Analysis conducted by one-way ANOVA with Holm–�Sidák multiple comparisons test. DHEA, docosahexaenoyl ethanolamide; EAE, experimental autoim-
mune encephalomyelitis; PLP, proteolipid protein.
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Figure 4. Infiltrating CD4+ T-cells in CNS of DHEA-treated RR-EAE SJL/J mice. SJL/J mice immunized with complete Freund’s adjuvant containing
PLP131–159 (n = 12 per treatment group). A, gating strategy for (B) percent and (C) number of CD3+CD4+, IFNγ+IL17A−, IFNγ−IL17A+, or IFNγ+IL17A+ T-cells in
the brain. D, gating strategy for (E) percent and (F) number of infiltrating CD45hiCD19−, IFNγ+IL17A−, IFNγ−IL17A+, or IFNγ+IL17A+ T-cells in the spinal cord.
Analysis conducted by one-way ANOVA with Holm–�Sidák multiple comparisons test. CNS, central nervous system; DHEA, docosahexaenoyl ethanolamide;
PLP, proteolipid protein; RR-EAE, relapse-remitting experimental autoimmune encephalomyelitis.
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splenocyte cultures containing antigen-presenting cells
including B-cells, macrophages, and dendritic cells than when
we treated purified T-cell cultures.
Previously, it was shown that eCBsmaintain homeostasis, and
their dysregulation occurs in many chronic inflammatory dis-
eases (59–61). Considering the epidemiological evidence that
J. Biol. Chem. (2023) 299(2) 102886 7



Figure 5. DHEA (postpeak)-treated RR-EAE mice beginning day 15. Tissues from SJL/J mice immunized with complete Freund’s adjuvant containing
PLP131–159 (n = 10 for vehicle and n = 11 for DHEA) were collected at day 24 to identify infiltrating cells in the CNS. A, clinical disability score and (B) weight
change (%) of RR-EAE mice treated with vehicle or DHEA (postpeak). C, gating strategy for (D) infiltrating CD3+CD4+, IFNγ+IL17A−, IFNγ−IL17A+, or IFN-
γ+IL17A+ T-cells in the brain. E, gating strategy for (F) infiltrating CD45hiCD19−, IFNγ+IL17A−, IFNγ−IL17A+, or IFNγ+IL17A+ T-cells in the brain. Analysis
conducted by unpaired Student’s t test. CNS, central nervous system; DHEA, docosahexaenoyl ethanolamide; PLP, proteolipid protein; RR-EAE, relapse-
remitting experimental autoimmune encephalomyelitis.
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support the beneficial effects of omega-3 fatty acids in persons
with MS, we sought to determine whether eCBs (AEA, DHEA,
and 2-AG) were dysregulated in an animalmodel of this disease.
In mice undergoing RR-EAE, we observed a dysregulation of
omega-3-derived DHEA as disease progressed. DHEA-epoxides
however were unable to be quantified because of the limit of
detection and low abundance at the whole tissue level. In
addition, DHEA-epoxide is a dual moiety molecule containing
both epoxide and ethanolamide moieties that are susceptible to
metabolism, further contributing to the limitations of detection.
19,20-DHEA-epoxide can get metabolized into and accumulate
as 19,20-dihydroxydocosapentaenoylethanolamide (19,20-
DiHDPA-EA). In comparison to the baseline levels, they were
reduced throughout disease progression, suggesting that its
precursor (19,20-DHEA-epoxide) is also decreased (Fig. S15). In
our study, we also observed a decrease in omega-6-derived AEA
as disease progressed. This is contrary to another report where
both AEA and 2-AG increased in striatum in a progressive
model ofMS (55). As omega-3 fatty acids are located throughout
the brain and demyelination of white matter occurs in various
regions, we investigated the whole tissue for an encompassing
representation of eCBdysregulation.Another notable difference
between our current study and those published previously is the
type of disease beingmodeled. Progressive EAEmodels typically
exhibit more neurodegeneration than relapsing-remitting
models, which may affect eCB levels.

We further showed that the administration of DHEA to
nondisease mice does not alter the eCB levels in the CNS
(Fig. S5). Thus, the positive effects of DHEA treatment,
including delay of disease onset and delay of relapse in our EAE
studies, are likely a result of the effect on the peripheral immune
system. While the mechanisms surrounding omega-3 fatty acid
transport into the brain are still being studied, there are
emerging data suggesting that fatty acid transporters including
fatty acid–binding protein 5 (62, 63) or major facilitator su-
perfamily domain–containing protein 2 (MFSD2A) (64, 65) at
the blood–brain barrier play a critical role in this process. For
instance, MFSD2A deficiencies resulted in hypomyelination
(66), and MFSD2A knockout mice had reduced levels of DHA
in the brain (63). Considering thatMFSD2A is required for both
fatty acid transport and myelination in the brain, it is likely that
EAE also affects MFSD2A on endothelial cells at the blood–
brain barrier, leading to reduced intake of fatty acids during a
diseased state. Collectively, these data further strengthen the
likelihood that DHEA treatment affects the peripheral immune
system during RR-EAE. In addition, we show that DHEA
administration to nondisease mice do not alter percentages of
CD4+ T-cells in the spleen. These data may indicate that overt
activation is required to see an effect of DHEA treatment to
splenic responses. In addition, it is plausible that DHEA treat-
ment influences peripheral immune response and their infil-
tration into the CNS in a disease state but not in a healthy state.
Alternatively, DHEA may affect their effector function rather
than being cytotoxic, which is supported by the data presented
herein. Hence, an increase of omega-3 consumption may be
beneficial to patients diagnosed with MS and may alleviate
symptoms of other autoimmune diseases.
In our RR-EAE mice study, we administered DHEA at either
5 mg/kg body weight or 100 mg/kg body weight. Importantly,
treatments were administered via intraperitoneal injection on
alternating lateral sides, a safe method for administering
treatment (67). Furthermore, we selected to administer DHEA
via intraperitoneal injection to first establish the systemic ef-
fects of eCB treatment as lipids can be altered through
digestive processes within the gastrointestinal tract. When
mice were treated with DHEA at a dose of 5 mg/kg body
weight, we observed some positive trends (Fig. S9). Specifically,
while there were no effects of DHEA treatment compared with
vehicle, it appeared that DHEA reduced disease severity and
time to relapse. We discovered that while there were positive
trends, there were no differences in the infiltrating
CD3+CD4+, or IL17-producing, IFNγ-producing, and IL10-
producing T-cells. Importantly, we did observe any differ-
ences in IL4-producing T-cells (Figs. S9 and S10). One study
describes that Food and Drug Administration–recommended
dosage of omega-3 fatty acids are 3 g/day in chronic cardio-
vascular diseases (68). In previous double-blind omega-3
clinical trials, MS patients were administered 10 g omega-3
fatty acids a day (40). According to the Meeh–Rubner for-
mula, a 75 kg human receiving only 40 mg/kg body weight
omega-3 equates to approximately 160 mg/kg/day omega-3 in
a 25 g mouse (69). Therefore, despite the considerably low
administration of DHEA at 5 mg/kg body weight, our obser-
vations were promising and served as motivation for admin-
istering a higher dose. Indeed, we observed a delay of disease
onset of mice treated with a higher dose (100 mg/kg body
weight) of DHEA from day of immunization suggesting that
DHEA is acting as an immunosuppressive molecule (70). In
addition, DHEA was administered after peak (DHEA post-
peak) to observe whether there was a delay in relapse or
reduction of the relapse severity. We observed that in com-
parison to vehicle, DHEA administered postpeak delays the
time to relapse and severity of the relapse. These data collec-
tively suggest that DHEA is acting to suppress the immune
response. Considering that RR-EAE is a CD4+ T-cell-mediated
process (71, 72), these in vivo data correspond with our find-
ings that DHEA and DHEA-epoxide eCBs influence T-cell
polarization, Th17 effector function, and antigen-specific
activation in TCRMOG splenocytes. Flow cytometry analysis
did not indicate any differences in the IFNγ- or IL17—pro-
ducing T-cells in the brain of our first study RR-EAE study
(Fig. 4), which may be due to the stage of the disease pro-
gression when mice were sacrificed. At the time of sacrifice,
the vehicle and DHEA groups were at their peak of relapse,
whereas the DHEA postpeak group was at remission. Inter-
estingly, we observed a decrease of IL10+-producing cells
within the CD3+CD4+ population. While clinical scores are
indicative of disease progression, symptoms present itself after
the immune response occurs within the body. As a result, the
lack of differences in infiltrating inflammatory CD4+ T-cells
and decrease in IL10+ cells in the brain from treatment may
not be representative of the effects of DHEA (Fig. S11). In
addition, we identified with CD45 and CD11b that there is a
percent increase of lymphocytes and percent decrease of
J. Biol. Chem. (2023) 299(2) 102886 9
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microglia in the brain as a result of DHEA post-peak treatment
(Fig. S12B). However, following normalization to the number
of samples recovered prior to analysis via flow cytometry, there
was no effect. While there is inflammation in the brain, the
clinical disability outcomes observed in RR-EAE are due to
lesions in the spinal cord. Therefore, changes of infiltrating
cells in the spinal cord are of primary interest.

In the spinal cord of RR-EAE, SJL/JCrHsd mice treated with
vehicle, DHEA beginning day of immunization and DHEA
post-peak treatment, we observed a decrease of IFNγ+IL17A−

cells. While these cells may be indicative of overall cytokine
production by cells present in the spinal cord, the precise cell
types cannot be determined. It is plausible that in the spinal
cord, there was a loss of CD3 and CD4 expression because of
the activation of T-cells. Upon repeating DHEA (postpeak)
treatment to RR-EAE mice, we observed a decrease in IFN-
γ+IL17A− producing cells within the CD45hiCD19− popula-
tion. In addition, we observe a decrease in FOXP3+IL10+,
FOXP3+IL10+, and FOXP3−IL10+ cells in the brain. Disease
progression and clinical disability are due to legions present in
the spinal cord. Our observed effects may be due to the
draining of FOXP3+ cells from the brain into the spinal cord,
which regulate polarized effector T-cells. Importantly however,
we see an increase of T-regulatory cells (Fig. S13, E and F) in
the spinal cord, the site of legions, and subsequent cause of
clinical disability. Interestingly, we do not observe any effects
of DHEA post-peak treatment on myeloid or microglia pop-
ulations (Fig. S14). Nevertheless, these data align with our
TCRMOG and Th1 polarization data that DHEA and DHEA-
epoxide treatment influence Th1 cells.

It is worthy to note that eCB treatment on RR-EAE mice is
not limited to T-cells. While the SJL/JCrHsd RR-EAE model is
a CD4+ T-cell-mediated response, in vivo treatments are
innately a more complex system than purified and isolated
naïve T-cell cultures. It is plausible that there are also effects
on antigen-presenting cells such as macrophages, B-cells, and
dendritic cells. While the goal of this study was to study the
effects of eCBs on T-cell activity, future studies investigating
antigen-presenting cells would be worthwhile to pursue.

Modulation of the eCB system has been shown to affect the
pathogenesis of EAE. For instance, CB2 knockout mice had
greater disease score in Ac1-11 peptide–induced immuniza-
tion (73). In the same study, treatment with 25 mg/kg body
weight tetrahydrocannabinol suppressed EAE in ABH Biozzi
mice suggesting that cannabinoid receptor activation may
ameliorate EAE (73). Another study showed that in C57BL/6
mice immunized with MOG35–55, highly selective CB2 agonist
Gp1a administration reduced incidence of EAE by 60% and
reduced the maximum score and total cumulative score over
the course of 36 days (74). In our study, DHEA-epoxide
(19,20-) was consistently more potent than DHEA at 10 μM
in vitro. In cannabinoid receptor activation studies, DHEA had
an EC50 value of 1044 nM for CB1 compared with DHEA-
epoxide (19,20-) of 108 nM (22). Similarly, DHEA-epoxide
(19,20-) had greater affinity than DHEA for CB2, where EC50

values were 280 and 305 nM, respectively (22). Considering
that eCBs possess greater affinities for cannabinoid receptors,
10 J. Biol. Chem. (2023) 299(2) 102886
it is likely that the immunosuppressive capacity of DHEA-
epoxide is a direct result of its ability to activate the canna-
binoid receptors (75–77). Furthermore, while it is possible that
DHEA is hydrolyzed into DHA, DHA is not an eCB as it does
not activate the cannabinoid receptors. While current evidence
suggests that this is a cannabinoid receptor–mediated process,
further studies verifying this hypothesis are of interest in the
future. Moreover, it is plausible that DHEA is hydrolyzed to
DHA, which is then converted into other anti-inflammatory
eicosanoids. For instance, resolvin D1, resolvin D2, and mar-
esin 1 are non-eCB metabolites that inhibited secretion of
IFNγ and IL-17 in human CD4+ T-cells (78), processes that are
involved in MS progression. Furthermore, there is dysregu-
lated biosynthesis of these specialized proresolving lipid me-
diators derived from fatty acids such as omega-3 fatty acids in
several diseases (79), including MS (80). Other specialized
proresolving lipid mediators such as maresin 1 have been
shown to ameliorate EAE (81) and promote inflammation
resolution and recovery after a spinal cord injury (82).

In conclusion, this is the first study to demonstrate that
downstream molecules of omega-3 fatty acid DHA can influ-
ence EAE progression by modulating the immune profiles.
Importantly, this further illustrates the hypotheses that con-
version of DHA into DHEA and further to DHEA-epoxides
leads to the formation of potent molecules that are immuno-
suppressive. Overall, DHEA and other lipid metabolites can
influence T-cell polarization and influence T-cell effector
function, thereby showing a positive outcome in autoimmune
diseases such as MS.

Experimental procedures

EAE experiments in animals

All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee at the
University of Illinois Urbana-Champaign and were performed
in accordance with the National Institutes of Health Guide-
lines for Care and Use of Laboratory Animals. Six- to 8-week-
old female SJL/JCrHsd mice (Envigo no.: 052) were obtained
from Envigo. All animals were housed under a reverse 12 h
light/dark cycle with food (Teklad 2918) and water ad libitum.
One week prior to induction of RR-EAE, mice were stratified
by weight and housed four per cage. Mice were treated daily
with vehicle or DHEA (0.5 mg/kg/day) beginning on the first
day of immunization. Treatments were administered via
intraperitoneal injection on alternating lateral sides. C57BL/6
mice (age 9–12 weeks) were utilized for T-cell polarization
experiments, and C57BL/6-Tg(Tcra2D2, Tcrb2D2)1Kuch/J
mice were utilized for primary splenocyte cultures.

Induction of RR-EAE

RR-EAE was induced by subcutaneous injection of complete
Freund’s adjuvant (CFA) and proteolipid protein (PLP)139–151
emulsion on 9-week-old mice. CFA was prepared by mixing
incomplete Freund’s adjuvant (Sigma–Aldrich; catalog no.:
F5506) and inactivated Mycobacterium tuberculosis H37 RA
(Difco; catalog no.: 231141) at a concentration of 4 mg/ml.



Omega-3 endocannabinoids in the modulation of T-cell activity
PLP139–151 (AS-63912; Anaspec, Inc) was solubilized in PBS
(pH 7.4) at a concentration of 1.5 mg/ml. Equivalent volumes of
PLP139–151 and CFA were mixed in a dropwise manner while
vortexing between each drop. The PLP139–151 and CFA emul-
sion was then vortexed for 1 h. Mice were anesthetized with 4%
isoflurane and then subcutaneously injected with 100 μl
PLP131–151 and CFA emulsion distributed equally over two
spots across the flank. Each mouse received a total of 200 μg
M. tuberculosis and 75 μg PLP139–151. Mice were weighed and
monitored daily for clinical disability in a blinded manner.

Clinical scoring of RR-EAE

Active RR-EAE was scored as previously described (83) with
slight modification. Clinical score severity was assessed on a
scale of 0 to 5 utilizing the following scoring system: 0, normal
mouse with no signs of disease; 0.5, tail weakness or hindlimb
weakness; 1, tail paralysis or tail weakness and hindlimb
weakness; 1.5, tail paralysis and hindlimb weakness; 2, tail
paralysis, loss of righting reflex, and hindlimb weakness; 2.5,
partial hindlimb paresis; 3, one complete limb paralysis; 3.5,
one complete limb paralysis and weakness in the other limb; 4,
two limb paralysis; 4.5, two limb paralysis and weakness in
forelimb; 5, moribund state/death by EAE. All atypical symp-
toms were also monitored. To be considered a relapse, a
corresponding 5% body weight loss and decreased clinical
score of 0.5 was required.

Tissue harvesting

Mice were asphyxiated with CO2, right atrium cut, and
blood collected. Mice were then perfused with 30 ml of sterile
1× PBS at a rate of 1 ml/min. Blood was processed for serum
and stored for later analysis. Brain, spinal cord, and spleens
were collected under sterile conditions in RPMI1640 and
stored on ice for culturing. Tissues collected for eCB extrac-
tion were collected in a preweighed cryovial and flash frozen in
liquid nitrogen for analysis.

eCB extractions

All extractions were completed on ice using solvent extrac-
tion systems with volumes relative to tissue mass. Briefly, 9:1
ethyl acetate:hexane supplemented with N-[1-(1-oxopropyl)-4-
piperidinyl]-N’-[4-(trifluoromethoxy)phenyl)-urea (10 μM;
Cayman Chemical; catalog no.: 11120) and PMSF (1 mM; Gold
Bio; catalog no.: P-470) were utilized in a 1:20 tissue mass
(g):volume (ml) ratio. Tissues with homogenized with a bio-
homogenizer for 30 s on ice, and 9:1 ethyl acetate:hexane and
distilled water containing N-[1-(1-oxopropyl)-4-piperidinyl]-
N’-[4-(trifluoromethoxy)phenyl)-urea and PMSF were added.
The contents were then vortexed and subsequently centrifuged
at 800g for 5 min. The upper organic layer was collected, dried
under continuous stream of nitrogen gas, and eCB quantifica-
tion conducted.

Quantification of eCBs

Samples were analyzed with the 5500 QTRAP LC/MS/MS
system (Sciex) in Metabolomics Lab of Roy J. Carver
Biotechnology Center, University of Illinois at Urbana-
Champaign. Software Analyst 1.7.1 (Sciex) was used for data
acquisition and analysis. The 1200 series HPLC system (Agi-
lent Technologies) includes a degasser, an autosampler, and a
binary pump. The LC separation was performed on an Agilent
Eclipse XDB-C18 (4.6 × 150 mm, 5 μm) with mobile phase A
(0.1% formic acid in water) and mobile phase B (0.1% formic
acid in acetonitrile [ACN]). The flow rate was 0.4 ml/min. The
linear gradient was as follows: 0 to 2 min, 90% A; 10 min, 5% A;
23 to 30 min, 0% A; and 30.1 to 37 min, 90% A. The auto-
sampler was set at 10 �C. The injection volume was 10 μl.
Separation chromatograms can be viewed in Fig. S3. Mass
spectra were acquired under both positive (ion spray voltage
was +5500 V) and negative (ion spray voltage was −4500 V)
electrospray ionization (ESI). The source temperature was 450
�C. The curtain gas, ion source gas 1, and ion source gas 2
were 32, 50, and 55, respectively. Multiple reaction monitoring
was used for quantitation: in the positive mode, AEA m/z
348.3 → m/z 62.1; 2-AG m/z 379.2 → m/z 79.0; EPEA m/z
346.3 → m/z 62.1; DHEA m/z 372.4 → m/z 62.1; DHG m/z
403.1 → m/z 119.0; 19/20-EDP-EA m/z 388.1 → m/z 62.1; and
19/20-DiHDPA-EA m/z 406.3 → m/z 388.3. In the negative
mode, 19/20-EDPm/z 343.2→m/z 281.2; 19/20-DiHDPAm/z
361.1 → m/z 273.1. Internal standard d4-AEA was monitored
at m/z 352.3 → m/z 287.2 (positive ESI), and d5-DHA was
monitored at m/z 332.2 → m/z 288.2 (negative ESI).
Liver toxicity

Female SJL/JCrHsd (n = 6 per group) were treated with
100 mg/kg/day DHEA via intraperitoneal injection for 33 days.
Mice were euthanized, and tissues were collected. The blood
was collected without anticoagulants and centrifuged at 1000g
for 5 min at 4 �C. The serum was isolated and immediately
frozen. Samples (200 μl each) were pooled (n = 3) and sub-
mitted to the Veterinary Diagnostic Laboratory at the Uni-
versity of Illinois at Urbana-Champaign for liver chemistry
profile analysis of alanine transaminase, alkaline phosphatase,
gamma glutamyltransferase, total bili, blood urea nitrogen,
glucose, albumin, and cholesterol.
Primary cell isolation

Tissues were placed on a 70 μm cell strainer and mashed
with a sterile plunger. Red blood cells were lysed using 1× red
blood cell lysis buffer and subsequently inhibited with equal
volume of RPMI1640. Following centrifugation at 400g for
5 min and removal of supernatant, single-cell suspensions
were created in RPMI1640 containing 10% fetal bovine serum
(FBS), 1× Glutamax, 1 mM sodium pyruvate, and 100 U/ml
penicillin/streptomycin. About 5 × 105 cells/well were plated
in 96-well plate prior to treatments and stimulation. For
analysis of infiltrating cells in the CNS, brains and spinal cords
were mashed, cells dissociated with Accutase (Thermo Fisher;
catalog no.: A1110501) for 30 min at 37 �C, and filtered
through a 70 μm cell strainer. Cells were resuspended in 30%
Percoll (Thermo Fisher; catalog no.: 45-001-747), and an
J. Biol. Chem. (2023) 299(2) 102886 11
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underlayer of 70% Percoll was added. Cells were spun at
20,000g for 1 h, and the middle interface was collected.

2D2MOG primary splenocyte cultures

C57BL/6-Tg(Tcra2D2, Tcrb2D2)1Kuch/J mice were uti-
lized for primary splenocyte cultures. Spleens were isolated
and processed as described in the aforeemntioned Primary
cell isolation methods section. Splenocytes were plated in
96-well plate at 5 × 105 cells/well. Splenocytes were pre-
incubated with 10 μM DHEA or DHEA-epoxide (19,20-) for
30 min and then stimulated with 25 μg/ml MOG35–55.
Following a 48 h stimulation, cells were spun for 5 min at
700g, and supernatants were collected for cytokine analysis.
DHEA and DHEA-epoxide (19,20-) were in 100% pure
ethanol solution, and final concentrations of ethanol in cell
cultures were 0.01%.

Naïve T-cell isolation and polarization

Naïve CD4+ T-cells (Thermo Fisher; catalog no.: 8804-6824-
74) were isolated and then polarized into Th1 cells (R&D
Systems; catalog no.: CDK018). Th17 cells were obtained using
the same naïve CD4+ T-cell isolation kit but polarized to Th17
(R&D Systems; catalog no.: CDK017). Medium used was X-
VIVO 15 hematopoietic cell media (Lonza; catalog no.: BE02-
060Q) supplemented with 10% FBS and 100 U/ml penicillin/
streptomycin. Following polarization to Th1, cells were pre-
treated for 30 min with eCBs prior to stimulation. Cells were
stimulated with phorbol 12-myristate 13-acetate and ion-
omycin (0.081 and 1.34 μM, respectively), and brefeldin A
added. Following a 4 h incubation in 37 �C, cells were har-
vested and processed for flow cytometry as described later.

Flow cytometry and antibodies

Following treatment, cells were resuspended in flow buffer
(2% FBS in 1× PBS), and cell surface marker antibodies were
added. Following a 15 min incubation at 4 �C in the dark, cells
were washed twice and prepared for intracellular cytokine
staining. Cells were fixed in intracellular fixation buffer
(eBioscience; catalog no.: 00-8222-49) for 20 min at room
temperature, followed by 10 min incubation in permeabiliza-
tion buffer (eBiosciences; catalog no.: 00-8333-56). Cells were
then resuspended in permeabilization buffer and incubated
with intracellular antibodies for 20 min in the dark at room
temperature. Cells were washed twice and analyzed on the
Invitrogen Attune NxT flow cytometer. Compensations were
conducted using UltraComp eBeads (Invitrogen; catalog no.:
01-2222). Antibodies used were as follows; IFNγ (rat anti-
mouse, PE-Cyanine7, Clone XMG1.2, eBioscience; Fisher
Scientific, catalog no.: 50-156-14), FOXP3 (rat antimouse,
FITC, Clone FJK-16s, eBioscience, Fisher Scientific, catalog
no.: 50-112-9051), IL-10 (rat antimouse, APC, Clone JES5-
16E3, eBioscience, Fisher Scientific, catalog no.: 50-122-
3185), IL-17A (rat antimouse, FITC, Clone eBio17B7,
eBioscience, Fisher Scientific, catalog no.: 50-112-9414), IL-4
(rat antimouse, APC, Clone 11B11, eBioscience, Fisher Sci-
entific, catalog no.: 5015301), CD3 (rat antimouse, Alexa Fluor
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700, Clone 17A2, eBioscience, Fisher Scientific, catalog no.: 50-
168-42), and CD4 (rat antimouse, APC-Cy7, Clone RM4-5,
BioLegend, catalog no.: 100526).
Chemical synthesis of DHEA

For primary cultures and EAE experiments, DHEA (Cayman
Chemical; catalog no.: 10007534) was utilized. Molecules were
checked via ESI mass spectrometry in positive ion mode as
seen in Fig. S4. For DHEA treatments to nondisease mice,
chemical syntheses were performed, and analysis was con-
ducted as follows. Unless otherwise noted, all reactions were
carried out under an ambient atmosphere. All chemicals were
purchased from commercial suppliers and used as received.
Dry dichloromethane (DCM; CH2Cl2) was obtained by passing
commercially available anhydrous oxygen-free HPLC-grade
solvents through activated alumina columns. Analytical TLC
was performed on Merck silica gel 60 F254 glass plates.
Visualization was accomplished with UV light and/or potas-
sium permanganate. Retention factor (Rf) values reported were
measured using a 5 × 2 cm TLC plate in a developing chamber
containing the solvent system described. Flash column chro-
matography was performed using Silicycle SiliaFlash P60 (C18-
functionalized SiO2, 40–63 μm particle size, 230–400 mesh).
1H and 13C NMR spectra were recorded on Bruker 500
(500 MHz, 1H; 126 MHz, 13C) or Varian Unity Inova 500
(500 MHz, 1H) spectrometers. Spectra are referenced to re-
sidual chloroform (δ = 7.26 ppm, 1H; 77.16 ppm, 13C).
Chemical shifts are reported in parts per million (ppm).
Multiplicities are indicated by s (singlet), d (doublet), t (triplet),
q (quartet), m (multiplet), and br (broad). Coupling constants J
are reported in hertz (Hz). Mass spectrometry was performed
by the University of Illinois Mass Spectrometry Laboratory.
ESI+ spectra were performed using a time-of-flight (TOF)
mass analyzer. Data are reported in the form of m/z (intensity
relative to the base peak = 100). Infrared spectra were
measured neat on a PerkinElmer spectrum BX FT-IR spec-
trometer. Peaks are reported in cm−1 with indicated relative
intensities: s (strong, 0–33% T); m (medium, 34–66% T), w
(weak, 67–100% T), and br (broad).

To a mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (233 mg, 1.22 mmol, 2 equivalents), N-hydroxyph-
thalamide (109 mg, 670 μmol, 1.1 equivalents) and
4-dimethylaminopyridine (7.45 mg, 60.8 μmol, 0.1 equivalents)
in DCM (6.0 ml) was added DHA (200 mg, 608 μmol, 1
equivalent). The mixture was stirred for 3 h, and the solvents
were removed in vacuo. Hexanes (20 ml) were then added,
and the resulting suspension was filtered through a pad of
silica. The silica was then washed with another 40 ml hex-
anes to make sure all the product was washed off the silica.
The filtrate was then concentrated, and THF (12 ml) was
then added. To this solution was added K2CO3 (168 mg,
1.22 mmol, 2 equivalents), H2O (12 ml), and ethanolamide
(74.5 mg, 1.22 mmol, 2 equivalents). The resulting mixture
was stirred for 3 h, and then the reaction was diluted with 1
M HCl (12 ml) and CH2Cl2 (30 ml). The layers were sepa-
rated, and the aqueous phase was extracted with CH2Cl2
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(2 × 30 ml), and the combined organic extracts were washed
with brine (50 ml), dried over MgSO4, filtered, and
concentrated under reduced pressure. The residue was pu-
rified by flash chromatography (C18-functionalized SiO2,
H2O:MeCN = 3:1 → 1:3) to yield a yellow oil (211 mg,
510 μmol, 84%). These molecules were verified through 1H
NMR and 13C NMR as seen in Fig. S7.

Rf = 0.30 (SiO2, CH2Cl2:MeOH = 16:1)
1H NMR (500 MHz, CDCl3) δ 5.93 (s, 1H), 5.48-5.25

(m, 12H), 3.72 (t, J = 5.3 Hz, 2H), 3.42 (q, J = 5.3 Hz, 2H), 2.93-
2.76 (m, 10H), 2.62 (s, 1H), 2.46-2.38 (m, 2H), 2.27 (t, J =
8.0 Hz, 2H), 2.07 (p, J = 7.5, Hz, 2H), 0.97 (t, J = 7.5 Hz, 3H).

13C NMR (126 MHz, CDCl3) δ 173.8, 132.2, 129.7, 128.7,
128.5, 128.44, 128.42, 128.23, 128.21, 128.20, 128.1, 128.0,
127.2, 62.7, 42.6, 36.5, 25.80 (2 overlapping peaks), 25.78,
25.76, 25.69, 23.5, 20.7, 14.4.

HRMS (ESI-TOF, m/z) calculated for C24H38NO2 [M + H]+

calc.: 372.2903; found: 372.2900.
IR (ATR, neat, cm–1): 3299 (br), 3012 (m), 2962 (m), 2931

(m), 2873 (m), 1644 (s), 1584 (m), 1433 (m), 1067 (m), 704 (m).

Chemical synthesis of 19,20-EDP and 19,20-EDP-EA

Chemical synthesis of 19,20-EDP and 19,20-EDP-EA was
performed using a two-step procedure. 0.1435mmol DHA (Nu-
Chek Prep, Inc; catalog no.: U84A) was added to 2ml of DCM in
an 18 × 150 mm borosilicate test tube. meta-Chloroperox-
ybenzoic acid (0.2897mmol) was added and pulse vortexed until
dissolved. The resulting mixture was stirred and incubated for
1 h at 25 �C shielded from light. The nonspecific DHA-
epoxidation was then added to a separatory funnel containing
15ml DCM. About 20ml H2Owas added andmixture inverted,
followed by addition 10 ml 10% NaHCO3 (w/v) and inversion.
The layers were separated, and organic phase was collected. The
extraction in the separatory funnel was repeated twice more
with the addition of 20mlDCM, and the collected organic phase
was dried for separation onHPLC. The subsequent product was
resuspended in EtOH and purified under reverse-phase HPLC
as described later. 19,20-EDP-EA was next synthesized using a
1:40:40:40 M ratio of 19,20-EDP:1-ethyl-3-[3-dimethylami-
nopropyl]-carbodiimide hydrochloride:N-hydroxysuccinimide:
ethanolamide on a rocker at room temperature for 18 h. Syn-
thesis schematic can be viewed in Fig. S1.

Separation of epoxide regioisomers by HPLC

Extracted products of nonspecific DHA-epoxidation were
separated under reverse-phase HPLC using the Waters Alli-
ance e2695 HPLC system with the 2998 PDA detector. Puri-
fication was achieved using the SunFire C18 OBD 100 Å, 5 μm,
19 mm × 50 mm preparatory column (SunFire; catalog no.:
186002566). Solvents used were solvent A (95% H2O, 4.9%
ACN, 0.1% acetic acid [AcOH]) and solvent B (95% ACN, 4.9%
H2O, 0.1% AcOH). The flow rate was at 3 ml/min. The
gradient is as follows: 0 min (50% A); 25 min (25% A); 40 min
(25% A); 50 min (0% A); and 60 min (50% A). The resulting
peak at 16 min was collected and verified by ESI TOF Mass
Spectrometry in positive ion mode prior to use.
Synthesis of 19,20-DiHDPA and 19,20-DiHDPA-EA standards
for LC–MS/MS analysis

Terminal epoxides of DHA and DHEA were synthesized
and purified as described previously. The conversion of 19,20-
EDP and 19,20-EDP-EA to their corresponding diol was
accomplished as follows. Purified epoxides were solubilized in
2 ml ACN, and 2 ml of 1:1 glacial AcOH:water was added. The
reaction was incubated at 45 �C for 1 h (Fig. S1). The resulting
diols were purified by reverse-phase HPLC (Fig. S2). Successful
synthesis of the standards was confirmed by high-resolution
mass spectrometry. Peak at elution time 12 min was
confirmed to be 19,20-DiHDPA-EA, and elution time at
23 min was 19,20-DiHDPA.
Data availability

All data generated during and/or analyzed during the cur-
rent study are available on request by the first author or cor-
responding author.
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endocannabinoid; EDP-EA, epoxydocosahexaenoyl-ethanolamide;
ESI, electrospray ionization; FBS, fetal bovine serum; IFNγ, inter-
feron gamma; IL, interleukin; MFSD2A, major facilitator super-
family domain–containing protein 2; MOG, myelin oligodendrocyte
glycoprotein; MS, multiple sclerosis; PLP, proteolipid protein; RR-
EAE, relapse-remitting experimental autoimmune encephalomy-
elitis; TCR, T-cell receptor; TOF, time-of-flight.
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